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Drawing cm oLIr’ prior’  NASA work in higll-fidelity telcop(r:itio~]/tclc  j]rcscI]cc,  wc arc developing
a ncw robotic system applicable to micro- and minimally invasive surgeries. ~’hc goal product is
a dexterity-enhancing master-slave tclerobot  and controls that will refine the scale of current nli-
crosurgcrics,  and minimize effects of the involuntary trcn~or and jerk in surgeons’ b:inds.  As a re-
sult, exciting new surgeries of the eye, car, brain and other critical faculties should bccomc pos-
sible, and (1IC positiyc  oulcomc  rates in conventional procedures will i]nprovc.  ln its nominal
configuration, this ncw Robot A.s,Yi.wd Micrdurgery  (RAMS) system has a surgeon’s hand con-
troller immediately adjacent to the robot. ‘l’he RAMS system is also potentially applicable to
“tc]esurgcry”  -- surgeries to be carried out in local-remote settings and tirnc-delayed operating
theaters -- as considered important in field emergencies and clisplaccd  cxpcrtisc scenarios. As of
ALIgLISt, 1994, wc have CICVCIOpCd  and demonstrated a new 6 clcgree-  of-freedom robot (slave) for
the RAMS system, ‘1’hc robot and its associated Cartcsiat] controls enable relative positioning of
surgical tools to approxirna[cly  25 microns within a nomindcxcd  and singl]larily-free work vol-
uJnc of -20 cubic centimeters. This implies the mpability  to down-scale hand motion inputs by
two to three tirncs, and the consequent performance of d~licate proccciurcs in such areas as vit-
rco-retinal surgery, for which clinical trials of this robot mc pl:inmd in 1996. ];urthcr,  by virtue of
an innovative drive actuation, the robot can sustain full extent ]oa(is up to three pouncls,  making
it ypplicablc  to both fine manipul:ition  of microsurgical tools and also the dexterous handling of
larger powered devices of minimally invasive surgery. lrl this paper, wc overview the robot mc-
chanic:d  clcsign and controls illlI~lcrllcrlt:itio~~,  ancl we su]nmarizc  our preliminary cxpcrin]enta-
tion with same. Our accompanying oral presentation inc]udes  a five nlinute videotape display of
some engineering laboratory results achicve(i  to date.

IN’J’ROI)UC’J’10N

Medical applications of robotics arc beginning to attr-act  significant irltcrcst  of both researchers
an(i commerce. Several different application thl-usts  :irc being asgressivcly  explored, as reported
in rcccnt  special interest meetings and workshops [ 1 -41. lhcsc thrusts include robot-assisted
stcrcotaxic  in[cr-vcnlims  (irll:lgirlg-gllic]ed  biopsy), or-thopcdie  prepar~ltions  by robot (precision
joint cnq>liiccrncnts), cndoscopic  & laparoscopic  assists (mininlally  invasive proccclurcs),
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te]eopcrativc  rcnmte surgcr’ies (“tc]csurgery”), and recently, robotic:\ lly-clll]:it~ccd  microsurgery
(high dexteri(y, scaled crpcratims under microscopic viewing), Our primary interest is t}~c last
area, itsconnection  stopr-ccision ir~)agir~g  guidcdsurgic:il  interventions -- andpossibly  ]ater, tclc-
surgeries. Building cm our prim NASA-JPL work in dexterous tcleopclations  and (clcrobotics at
conventional scale, wc have begun development of a robolic  micro-dexterity platform with po-
tent i all y important ncw medical applications. This Robot Assis[ed Mic}~~Surgct-y  (RAMS) work-
station twgcts  ncw and improved procedures of the eye, c;lr, brain, nose, throat, face, and hand,
The rcsu]ting technology dcvclopmcnts  are p]anncd for evaluation in clinical microsurgery pro-
cedures circa 1996 -- we are working to this end in engineering collaboration wi[h MicroDexter-
ity Systems, Inc. (Chief Officer, Steven T. C.harle.s,  h4.D.), under a NASA ‘1’cchnology  Coopera-
tion Agrccmcnt,  with the goal that succcssfu]  tcchno]ogy  dcve]opmcnts  bc commercialized.

The RAMS workstation is conceived as a dual-arm 6-d.o. f. maslcr-slave tclc]ll:llli]~lllator  with
programmable controls, onc arm lxindling  primary surgical tooling and the other as auxiliary
(suction, cautcriz.ation,  imaging, etc.). The primary control mode is to be tclcopcration,  including
task-frame rcfercnccd  nMnLIal  force feedback and possibly a cross-modal tcx[ural presentation.
l.atcr sensor-rclalcd  dcvclopmcnts  include in si[u imagin? modes for tissue. feature visualization
and discrimination. lhc operator will also bc able to intcrtictively  dcsi~,llatc or “share” automated
control of robot trajeclorics,  as appropriate. RAMS is intended to refine [he physical scale of
manual microsurgical  procedures, while also enabling nmrc positive outccrmcs  for the average
surgeon during typical procedures -- e.g., the RAMS workstation controls include features to en-
hance the sutgcon’s  manual positioning and tracking in tllc  face of the 5-101 ]Z band rnyoclonic
jerk and involuntary tremor that limit many surgeons’ fine-motion skills. I’hc first RAMS
dcvclopmcnt,  now complctcd  and undergoing cnginecrin~’  evalu:ition,  is a small six-d.o.f.
surgical robot (“slave”), the configuration of which is a torso-shoulder-c]tmw (t/s/c) body with
non-intersecting 3-axis wrist. This robot manipulator is a])proximatcly  25 cm. full-extent and 2.5
cm. in diameter. Robot actua[ion  is based on a new rcvolutc  joint  and cable-drive mechanism that
achicvcs near ~.cro backlash, constant cable length excursions, and minimized ;oint  coupling. The
robot design and controls currently allow non-indc.xcd  relative positioning:,  of tools to within 25
microns and a work volume of -20 cn13 -- a resolution some two or three times better than that
typically observed in the most highly skilled micrcmrgcries.

I{OBOT NIECIIANICAI.  DESJGN

Wc dcscribc  the robot design in this section, briefly outlining related design rcquircmcnts,  as
motivatcci  both by kinematic control objectives and robot suitability to r~-llsab]c  and safe
application in a sterile medical environment. Figure 1 highlights some rcccnt robot mechanical
dcvclopmcnts,  e.g., the integrated six-d.o.f.  robot slave (lnanipulator’  and nmtc)r-drive base), a 3-
d.o.f. wrist (close-Llp view), and the highly novc] doub]e-iointcd  tendon drive rotary Joint
mcchaniy,ation USCCI  in shoulder-and-clhow actuation. Fipure 1 also Iis[s at page-right some key
robot features, as furt hcr elaborated below. The general nlodcl  for the present at ion that follows
is: wc list a design objective (i~l ifalic.s)  and its definition; we then provide a brief technical (ie-
script ion of t hc t cchnica]  approach wc took to meet the ohjcct  ivc. Where appropriate, and known
to date, we give quantitative information.
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Figure I : Robot Assisted MicroSurgery (RAMS) system  six-d.o.$  robot slave (manipulator
and motor-drive base), 3-d.o.$  wrist, and double-jointed tendon drive rotary joint
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6-d.o.f.  serial arm (t/s/e+ 3-axis wrist)
Torso can roll 165 degrees
Shoulder/elbow rotate a full 360°
Singularity-free wrist design
Wrist pitch/yaw=l  80°, roll=540°
Arm-wrist: L=25 cm, 0D=2.5 cm
Base: 12 cm OD, 17.75 cm long
Weight (incl. base/motors): 5.5 lb.
.25 cm center pass-through
Quick-disconnect drive (sterilization)
Cable-driven, decoupled joints
Zero-backlash in five joints
Low-stiction, custom bearing drive
Stiffness -15 Ib.fin at tip
Full-extent arm force limit -3 lb.
Designed for 10~ positioning
Commercially-vended electronics
PLD based-control, power/braking
Optically-isolated control interface
Watchdog timer on processors
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Mcchanica] Design
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1. Drive (Jnit Scpot-(ibilify Autoclaving  of the robot is pc)ssib]c by removing IIN nmtor/cncoctcr
units at the b:tsc prim to sterilization. 3’llc motodcncoclcr  units can be lc-atlachcd  in a quick and
simple procedure.

This is done by integrating the n~otors/cncoctcrs  into two distinct SCIS of three on a common
mount and registering these packages via alignment pins. The resulting IWO motor packages can
bc easily removed by undoing two screws and one ccrnncctcrr  on each SC(, The mechanism c:in
then bc autoc]avcc].  ‘1’hc two motor’ packages can bc rcinstal]cct  quick]y ~y reversing the removal
proccclure. ]n normal operation the Jnotors arc contained insic]c the robot’s base, protecting any-
thiJ~g  they may contanliJlatc.  An added advantage obtained with this cicsign  is that debugging of
servo- and kinematics control systems c[in be ctonc while the mo[ors arc not atlachcct  to the robot,
thereby spariJ~g the robot damgc during sof[wart. dcvc]o]~nlcnt  and validation.

2. Zkrmlxnv  Backlash: Low backlash (free play) is essential for doing fine Inanipula(ion,
especially since the position sensors arc on the motor shafls.

Five of the robot’s six clcgrccs  of frccdorn have zero backlash aJlcl the sixth has about 20 microns.
Zero backlash is achicvcct  by using dual drive-trains that are prc-loadccl  relative to onc another.
‘1’hcsc dual drive-trains arc coup]cd together at only the motor shaf[ and the joint  output. The
steel cables which actuate eac}l  joint  also act as springs tc) pre-]oad the gear-train. The drivc-
train’s prc-]oad caJl bc easily adJIJstcd  by disengaging the ]notor, coLllltcl--rot:itillg  the dual drives
until the desired prc-load is rcachccl,  and re-engap,ing the jnotor. ‘1’his also allows for easy cable
adiustmcnt  as the cables stretch with time.. The onc axis tl)at does not have zero backlash is a re-
sult of the wrist design which makes low backlash possible but Z,cro backlash difficult, especially
if stiction  is a ccmccrn  as with this robot.

3. Low Stiction:  Stiction  (stick/slip characteristic) Jnust be JniniJnii’,ed  to achicvc sma]l incre-
ment al movements wit bout overshooting or instabi lit y.

Sticticm was minimi~ccl  by incorporating precision ball bearings in every rotating location of the
robot (pu]]cys,  ShaftS, ~Olnt  axes, ctc.), so as tO C]iIllillatC  IllCh]-tO-IllC[al  Sliding. Ihc [0 Severe
size and loading constraints, some of these bcarjngs had to bc custom dc.signed. (Indeed, there is
only onc location in the wJ’ist  where such direct contact exists, bccausc size constraints therein
restricted usc of bearings. in this location, backlash was allowed to reduce st iction  -- scc item 2.)

4. Decoupled .loin(s: Having all joiJ~ts  rncchanic:ill y dccoopled  simplifies kincJnatics  conlputa-
tions as WC]] as provides for partial functionality shou]d one joint  fail.

I)cvc]oping  a six axis, tcnckm-driven  robot that has a]] joitlts rncchanically  dccoupicd  is very dif-
ficult. Decoupling requires driving any given jojnt without affecting any other joint. The shoulder
and clhow joints incorporate a unic]uc  doub]e-joinlcc]  scheme  that LLIIOW’S passage of any number
of activation cables completely dccoup]cd  from these joints. The three axis wrist is based on a
concept (as originated by Mark Rosheim) that not only dccouplcs  the jointsj  but also has no sin-
gularities. Further,  hc torso simply rotates the entire robot base to clirninatc  coupling. I(any me
of the joints wcrr to .f[lil  t]lcchanically, the rmlaining five }vwld lx’ uIIa&clcd.
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S. Large Work A’nvclopc:  A ]argc work vo]urnc is dcsirab]c  so that h! am’s base will not have to
bc repositioned frequently during tasks.

To achicvc  a large wmk envelope, each Joint needs to have a large ransc of motion. The torso
was designed with 165 dcgrccs of motion while both the shoulder and clhow have a full 360 de-
grees.  This high range of motion in the shou]der  and clbotv is attained by the unique c]oublc-
Jointcd schcmc mcntionccl above. ‘1’he wrist design (utilizing the Roshcim concept) has 180 de-
grees of pitch and yaw wi[h 540 dcgrccs of roll. Such large motion ranges greatly reduce the
chance of a joint  reaching a limit during operation, thus increasing the work vol Lunc.

I 6. High SIi~fi]m.Y:  A stiff manipulator is ncccssary for accurate positioning under gravitational or
environmental loads, especially when position sensing is at the moto] cI1 ivcs.

When a robot changes its orientation re]ative  to gravity, it wil] deflect duc to i[s own weight.
Likewise, if a force acts on the arm, it will also deflect. Furthermore, if position sensing is done
at the motor drive, this deflection will not be known. The] cfore,  such dcflcctims  must bc
minimized by increasing stiffness. The stiffness of RAMS arm is abou[ 15 lbs/inch at the tip.
This high stiffness is achicvcd  by using high spur gear reductions off the motors, combined with
large diameter, shorl path ]cngth stainless steel cables to actuate each joint ‘1’hc pitch and yaw
axes also include an iiclditional  2:1 cable reduction inside the forearm (near the joint)  for added
stiffness.

7. C[~/??]~c/ct/l.iglzr\vc’iglzt:  In some applications, a restricted work-space warrants a small serial
manipul:itor  to minimiz,c  both geometric and visual interfcrcncc.

The physical size of the arm is about onc inch in diamcte] and about 2S cm long. The robot base,
containing the motor drives and electrical interfaces, has :1 12 cm diameter and is 17.75 cm long.
The entire unit (arm and base) weighs about 5.5 lbs. All electrical cables connect to the bottom of
the base so as to not protrude into the. robot’s work-space.

8. ~inc ]ncrct?lcll?a/  Molions:  ]illlllan  dexterity ]imitations  constrain surgica] JNOCCdLlrCS  to fea-
ture sizes of about 50-to-100 microns. This arm is designed to achicvc 10 n~icrons rc]ative posi-
tioning.

By combining many of the features mentioned above (IOW backlash, low stic[ion, high stiffness,
etc.), this arm is designed to make very small incremental movements. ‘I%is  means that the n~a-
nipulator  can make incremental steps of 10 microns. Note conversely this dots not nccessari]  y
mean that the arJn is repeatable to within 10 microns abso]utc posi[ion accuracy.

9. Ybol  Wiring l’revisions: Some tools rec]uirc electrical or pneumatic power which can be routed
through the arm in some cases.

The am is designed to allow running a limited alnount  of wiring or hoses from the base to the
arm’s tip (where the tool is mounted). This passageway is about .3S cm in diameter through the
wrist and exits through the center of the tooling plate. The wiring can bc passed out the base of
the robot so that it dots not in(crfere  with its work-space -- as woLIld  bc the case if sLIch wiring
was routed L3xtcrnally,
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1, Config[4ratio)l  ?HaIIagwIcIIt am] control electrwtics: It IS necessary to sense, monitor, and
control basic failure conditions (c.:,., to implement corrective motion cc)ll[lOl/br:ikillg  actions)

A Programmable 1,ogic IIevicc (P1,D) controls power and braking relays through an optically
isolatccl  intcrfacc,  and allows f;iult  detection anctcmorrccovcry.  Feature.s of this systcm arc:
●  powcrllp:iIld  dowlll)tlttoIl
● manual start-stop buttons to switch motor pmvcr from a bralw nmdc to control mode
● panic button to stop motors
● amplifier fuse fault detection
“ l>r:lkc rcl:iyfiilllt  dctcctiol]
● watchdog limcr f:iu]t  ctctcction  to insure control prc)cessors  arc fullctionin,g
● amp]ificr power SLlpp]y fau]t  detection
● amplifier fuse fau]( detection
● P1.D logic fault detection.

2. Commercially awilablc  mmpments:  All components of the servo-control system are
commercial items avai lab]c off-the-shelf from vendors wilh reliable product support.

lJse of commercial proclucts  and industry standard interfaces in both the servo-contro] system
and computing archit ccl urc was critical to rapid protot ypirlg (The devclop}}lent  qf Ihc robot elec-
lroljl[’cll{~ili{:(ll  de.vig]l,  clectrorlic.vt  co?ltrol & computing, j(jllowcd  by a ,fir.vt  i]lt(’grclliojl-tc,vt-
(]c/114g-(][?!tl{)  ??,vtr[lti(jll  was don<’ in less tho?l  Hi?le months). Ill parlicu]ar, l’apid vcnc]or product
sLlplmr(  allowed us to r]uick] y ovcrcomc hardware failures and reduce  software dcvc]opment  cy-
cles by comparison to our past expcrjences  in custom robol computing design & illll)leI]lcnttitioll.

RAMS ROBOT COMPUI’lNG  AND CON’1’1101 ,S

Figure  2, next page, skclches  the RAMS computing and control hardware organimtion.  The
major harctwarc illl]>lclllcllt:ltioll  fcalures are as follows: the graphics user intcrfacc (GUI)
software resides on a l] NIX workstation, which also serves as host [o a VxWorks real-time con-
trol environment. ‘1’hc VxWorks-based control functions arc in turn inlplcmcnted  on a MC 68040
board instal]cd  in a Vh41i chassjs. A Delta Tau Dat;i Systelns PMAC board, also on the VME
chassis, controls (11c six axes of the robot by directly rcadi]lg the robot sensor outputs and drjving
the motors throLlgh  ampl ificrs.

Chmhics  LJscr lntcrfacs

‘1’hc (ill] js basccl  on the X Winciows and 0S17/Motif  Iibrar its. Wc have dcvclopcd  a number of
(lcll]o]lstl-:ltic)l~  mo(ics within the GUI to show ancl evaluate the capabilities of the robot. ‘1’hcse
modes arc:
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a mfinw]ljoillt conft-ol  mode wherein the user moves individual joints n]anually by selecting
buttons  in a control window, incrementing and ckcren  mting a dcsil-cd  joint position

an (i LJt(momoMs  ,join! cmlrol  mode dcmonst rating the workspace of t t m robot. In this mode,
the robot sinlu]l:mcous]y  moves each of its joints in a sinusoidal motion bctwccn set limits

a nvii114[Il  tclropctwtcd  Hlodc in which the robot is controlled eithc.r  by Llsing a mouse (or by
selecting buttons on a display), incrementing or decrelncntins  motion along sin.glc  axes of a
workl-rcfcrcnced  coordinate frame, or by using the spaccball  inpu[ dcvicc to sinmltancous]y
move all six axes of the robot

an autonomous  }vorld  .spacc  control mode in which t hc robot moves i(s cncl cffec(or in a sinu-
soidal motion abou[ onc or mm Qrtcsian-defined axes sillll~lt:i~lcollsly.



Kinematic and Joint Omtrol

‘1’hc control software of the robot resides on the VME-bascct sys(cm. l“igure 3 skctchcs  the con-
trol flow for the manual and autonomous worlci  coordinate fr:llllc-rcf~?rcllcc(i  control modes. The
gcncrtil  schcmc by which the operator currently conman(is forward control to the robot is as fol-
lows: hc inputs to the system from the GUI and this inpul  is passed form’ard using the UNIX
socket facility over the Ethernet link. Data thus passed into the control syslcm is spccificd  as de-
sired changes in the robot tip position. Wc rcla(c these world frame tip coordinate changes to
commanded robot joint  motions through a Jacobian inverse ma[rix, which is compu(cd  using a
JP1.-dcvclopcd  Spatial Operator Algcbrzi  [ 14, 15]; this in~crsc  is then lnultiplic~i  with the input
tip displacement vector to determine a corresponding join( position chatige vec(or. ‘J’hc primary
advantage afforded by the Spatial Operator Algebra for this application is its concise recursive
formulation of the kinematics equations, allowing rapid software development and testing -- a
simple addition of the joint position change vector to the actual J)osition of the joints results in
the desired joint positions for the robot. The desired joint positions arc then downloaded to the
PMA~ controller board whcrcitl  joint servo control is pcl formed using a I’IJJ loop for each joint
axis. In the manual and autonomous joint control modes, the PMAC~ controller correspondingly
rcccivcs the joint position change vector as its input. The vector is adde(i to the actual joint posi-
tions of the robot and the resulting vector is the desired joint position vector sent to the servo
controller.
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Figure 3: RAMS control flow diagram

RESLJ1.TS  AND IWJ’J’URIL  PI.ANS

As of August, 1994, wc had integrated the slave robot system dcscritml  above and demonstrated
its successful operation in al] contro] modes. On initial illtcgration,  withou[ benefit of significant
mechanical tuning or rcfitling  of the robot mechanisms, wc achicvcd  rcpcat~iblc  relative position-
it~g of the robot tip to 25 microns or less. This measurement, vcrifkxi in a number of calibrated
and videotaped [16] cxpcrimcnts,  was pcrformc(i  both mechanically and optically. in the former
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case, we. Lltilizeci c:~libr:ttecl  ]llcch:~l~ic:ll  dial iIldic:itors  ontllrec oll}l(Jgo1~:il  axcsofa  wrist-tip-
mounteci  ncccllc;  for the ]atlcr, wc utilized a calibrated viewing field microscope with integrated
(32D camcr:i,  and programmed and visually monitored a llumbcr of different free space, small
motions within a 800 micron full-cxlcnt  reticle, Cumulatively, wc observed that both small
(micron) and large (ccnlimctcr) free space motion trajcclorics arc smooth. lmpromplu  tests in
which a leading micmsurgcon  compared his free hand motions with ttxit of the robot indicate that
the desired scaling will be possible ancl highly beneficial, given an appl oprialc hand master inter-
face. IJcvclopmcnt  of such a non-replica master is one imlnediatc  proiccl  focus, as is also
continuing, nmc quanti(ativc  evaluation of the robot, including its loaded (contact) motion pcr-
formancc. Another planned activity is clcvelopnmlt  of control compensation techniques to reject
feed-forward “(disturbances” arising from the surgeon’s involuntary tremor anti jerk.
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